Three analytical diffusion models are used to describe the distribution of a nonconservative tracer in the hypolimnion of a lake: The one-dimensional vertical (1-DV) model, developed for tracers in the deep sea, leads to a significant overestimation of vertical diffusivity Kz in lakes; the one-dimensional topographic vertical (1-DTV) model, applicable if horizontal mixing is fast compared to in situ decay, demonstrates that, except for the deepest layers, vertical tracer distributions are insensitive to K 2 ; the one-dimensional topographic horizontal (1-DTH) model, in which hor~ izontal mixing is incomplete and vertical diffusion is disregarded, is the appropriate model for the interpretation of vertical excess 222 Rn profiles a few meters above the lake bottom. The radon flux F from the bottom is calculated from 226 Ra in the sediments and corrected for depth variation of porosity and radium activity. In Baldeggersee (Switzerland), Fis 390 ± 70 dpm · m-2 • d-1 • Radium activities in the sediments are 0. 7 ± 0.2 dpm ·g-1 dry mass, similar to those in other Swiss lakes and in coastal areas of the ocean but 20-50 times smaller than in the deep Pacific. Horizontal diffusivity in the hypolimnion decreases from June (5,000 m 2 ·d-1 ) to October (1,000 m 2 ·d-
1
) to October (1,000 m 2 ·d-
vertical diffusivity is between 1 and IO m 2 ·d-1 , roughly 10 times larger than values calculated from temperature in the upper hypolimnion. Vertical buoyancy flux is between 10-11 and 10-10 m 2 ·s-3, i.e. between values for the deep ocean and the small ELA lakes in Canada. The large K 2 and the transient, often irregular shape of the radon profiles are the result of horizontal bottom currents previously measured by other methods.
Information on processes in the hypolimnion of lakes is still scarce, and the driving forces still poorly understood. During a study in Greifensee (Switzerland) on the flux of phosphorus from the sediments across the hypolimnion into the trophogenic layer (Imboden and Emerson 1978) , our interpretation of natural radon profiles was hampered by the three-dimensional nature of hypolimnetic mixing and the influence of bottom topography. Complications have also diffused into the lives of oceanographic tracer interpreters, since it was recognized that lateral boundaries (Sarmiento and Rooth 1980) and the intermediate nature of most mixing processes (Armi 1979) affect the distribution of short-lived tracers such as 222 Rn (half-life 3.8 days). In addition, vertical mixing in the benthic boundary layer of the ocean is often strongly depth-dependent, as reflected in the multilayer radon profiles measured by Chung and Kim (1980) . In open water, water movements are generally turbulent (with the possible exception of a thin laminar boundary layer). Although advective transport takes place along the sediment surface, i.e. in a nearly horizontal direction, the vertical component of the transport is of greatest interest to the understanding of mass flux and mass balance in lakes. Traditionally, vertical transport is expressed by the generalized Fick's law with a vertical turbulent diffusion coefficient. Since no satisfying theory exists to calculate the size of the coefficient from basic hydrodynamic principles, field data of temperature or chemical tracers are commonly used to determine vertical eddy diffusivity.
An investigation was started in 1977 in Baldeggersee which included the simultaneous application of different radioactive and stable tracer methods, direct measurements of mixing by currents, and monitoring of above-lake meteorological parameters as the most important driving forces.
Our aim here is to show how vertical and horizontal diffusion coefficients can be estimated from the distribution of near-bottom excess radon. In the Greifensee study 831 (Imboden and Emerson 1978 ) the influence of lateral transport was accounted for by a two-dimensional numerical diffusion model. We have now developed analytical solutions to several simplified diffusion schemes to demonstrate the importance of adequate choice of model for determining transport coefficients and will show that interpretation of radon profiles in lakes is not possible without independent measurement of radon flux intensity.
The field data from Baldeggersee originate from the joint effort of the physical limnology group including U. Lemmin, M. Schurter, B. Eid, and M. Rilttimann. S. Emerson and P. Santschi helped to improve the presentation and discussion of the results. H. Bolliger and M. Brauchli prepared the final form.
Water column transport models for 222 Rn One-dimensional model-Traditionally, in the ocean the distribution of 222 Rn emanating from the sediments is described by the one-dimensional vertical diffusion ( 1-DV) equation.
226 Ra] is excess radon activity, A is the decay constant of 222 Rn(O.l 8 l · d-1 ), and z is the vertical distance from the sediment surface. The ra~ dium activity [2 26 Ra] is assumed to be constant with depth.
For constant diffusivity Kv Eq. 1 has the well known steady state solution (Broecker 1965 )
where R 0 is excess radon activity at the sediment surface.
Influence of bottom topography-For lakes the three-dimensional topography cannot be disregarded in the interpretation of tracer distributions (Lietzke and Lerman 1975; Imboden and Emerson 1978) . In the most general case, a three-dimensional diffusion-advection equation must be used, and as a consequence, many more transport parameters appear in the model than can be determined from a single or even multiple tracer experiment.
However, significant simplification is achieved if the relative influence of either vertical or horizontal diffusion on radon activity is dominant. Two cases are considered: Horizontal mixing is fast-in spite of radioactive decay, no significant horizontal gradients exist; the influence of vertical mixing is negligible-the radon activity is solely determined by diffusion from the sediments, lateral transport, and decay. The two cases do not exclude each other. Situations exist where both or neither of the two assumptions are valid. For the following discussions, a schematic description of lake bottom topography will help to find analytical model solutions. A lake basin can often be approximated by
where A(h) is the lake cross section at distance h above the deepest point, hmax is maximum lake depth, A 0 is surface area, and q is the nondimensional topographic exponent which usually lies between 0.5 and 1.5 (Imboden 1973) . The characteristic function
describes the change of sediment area with lake volume, which from Eq. 3 is
The characteristic horizontal extension of the lake basin at distance h from the bottom can be estimated by the radius rh of a circle with area A(h):
Fast horizontal mixing-Horizontal gradients are negligible if horizontal mixing time is brief compared to the mean life of the radioisotope, A. -1 • This condition is equivalent to (6) provided that mixing is by turbulent diffusion (coefficient Kx). Horizontal currents may be more important for lateral transport, especially during weak stratification and strong winds (Imboden et al. 1983) . Also Kx depends on the scale of diffusion, e.g. for oceanic conditions (Okubo 1971 )
where Lx is horizontal length scale (in m). The horizontal turbulent velocity Vx, a measure for the velocity fluctuations, can be calculated from the time variance of the horizontal current velocity. Replacing Lx by rh and inserting into Eq. 6 yields If horizontal mixing is fast, the tracer is described by (Imboden and Emerson 1973: 
provided that Kz is independent of h. We call this equation the one-dimensional topographic vertical (1-DTV) diffusion model; its analytic solution is presented in Table 1 and shown graphically ill Fig. 1 . It can be represented by the dimensionless function y(x) (see Eq. 14) where y = (RI F)(K~)'h is the normalized concentration and x = (Al Kz)112h is the normalized distance from the lake bottom. y depends only on x and the "topographic parameter" q defined in Eq. 3. For q = 0, y(x) is identical to the purely exponential solution (Eq. 1) (diffusion from a flat sediment surface). As shown in Fig. 2 , the slightest "sediment curvature" ( q > 0) causes a significant increase in the profile slope, which, if interpreted in terms of the 1-DV model, would lead to a considerable overestimation of the vertical diffusion coefficient. In fact, for large x the profile approaches the asymptotic function y(x) = qlx which in the original variables is R(h) = qF "Ah and independent of Kz. (15) The 1-DTV profiles for 222 Rn in a lake with q = 1 and F = 100 dpm ·m-2 ·d-1 are shown, as an example, in Fig. 3 . For distances from the lake bottom ;::: 8 m, radon profiles originating from vertical diffusivities spanning the range between 0.05 and 5 m 2 ·d-1 fall onto the same line. The slopes approach values which, if interpreted as 1-DV profiles (Eq. 1), would yield diffusivities Kz of 50 m 2 ·d-1 or larger, and radon fluxes which seem to be two-three times larger than the flux actually used to construct the profiles. Were it not for the layer very close to the bottom, the radon profiles would not yield information on the vertical diffusion coefficient at all, but reflect solely the bottom topography of the lake.
Low vertical mixing-If horizontal mixing is not fast enough to achieve horizontal homogeneity, i.e. if the inequalities (Eq. 6 or 8) are not valid, then a multidimensional transport equation with a rather complicated boundary is required. Imboden and Emerson (1978) used numerical solutions to a two-dimensional diffusion model to explain radon profiles simultaneously measured at two stations in Greifensee. In order to generalize and simplify the following discussion, we assume that the cross section A(h) is circular and neglect vertical diffusion. This case is called the one-dimensional topographic horizontal (1-DTH) diffusion model. In steady state, it is described by (Fig. 4 ) Solution by series expansion taking into account the boundary condition R(h -oo) = 0:
is the beta function. For n ;:::: 1:
For n = 0 the products are equal to 1.
The solution (Eq. 11) can be written in dimensionless form
(13) Normalized depth
The function f{q) = ~BG , ~) is close to the linear expression (1 + q) (see Fig. 1 ).
Special cases: (17) where rh, defined in Eq. 5, is the radius of the circular lake area at distance h from the bottom. The solution to Eq. 16 is
where I 0 and I 1 are the modified Bessel functions (see e.g. Abramowitz and Stegun 1964) and R(h,o) is excess radon concentration at the center of the circular cross section at distance h from the bottom. Note that for Kr __. oo, Eq. 18 approaches the completely mixed hyperbolic profile, Eq. 15. Horizontal 222 Rn profiles at various depths for Baldeggersee (see Table 2 for characteristic data) are shown in Fig. 5 . From the model calculation the critical minimal diffusivity Kr to achieve horizontal homage- (Table 2 ) are inserted. Vertical radon profiles at the center of the lake are compared to similar looking exponential ( 1-DV) profiles (Fig. 6) .
At the center of the lake, measured stand- ing crop of excess radon is always smaller than in the 1-DV model. In fact, radon distributions originating from increasing horizontal diffusivity would falsely indicateifinterpreted as vertical mixing-increasing radon flux and increasing Kz.
Production and transport of 222 Rn in the sediments
Excess 222 Rn in oceans and lakes originates from the decay of 226 Ra, an element
Fig. 4. One-dimensional topographic horizontal (1-DTH) model. The area of the lake basin at distance h from the deepest point is replaced by a circle of radius rh and identical area. The concentration field of excess radon, R (h, r) , is assumed to have rotational symmetry. with high affinity for the solid phase. Usually, radon concentrations are much higher in the sediment porewater than in the open water column.
Broecker (1965) developed a diffusion model for radon in sediments which relates the radon flux across the sediment-water interface to the radium emanation in the porewater. Imboden and Emerson (1977) , Key et al. ( 1979), and Kadko ( 1980) have extended the theory to include the influence from 230 Th, the parent nucleus of 226 Ra. Im- (1982) analyzed the influence of radon diffusion on the 210 Pb distribution in sediments and extended the radon diffusion model to a general depth-variable source of radium emanation. A different radon flux model with depth-dependent radium source was used by Berelson et al. (1982) .
Not all the radon produced by radium is leaked to the porewater; some remains inside the sediment grains. Kadko ( 19 80) used the term "radon emissivity" for the leaking radon fraction; he found values between 0.32 and 0.67 for deep-sea sediments while Ku (1965) found values between 0.4 and 0.8, most lying around 0. 7. In the following discussion we use the expression "escapable radium" (Imboden and Emerson 1977) to designate that fraction of radium which is responsible for radon leakage into the porewater.
Radium in the sediments-In October 1977, 15 sediment cores (diameter 6.3 cm) were taken in Baldeggersee (Fig. 7) . The top section of each was divided into three contiguous samples 3 cm thick, which were weighed and analyzed for escapable radium activity by suspending the material into I-liter flasks filled with distilled water. The common radon stripping procedure (Broecker 1965) l Wet weight, WM dry weight, Wa, and escapable radium activity per unit dry weight, [Ra] , constitute the data base for all subsequent calculations. Porosity </> was computed from the relation (19) where Ps is the density of solid sediment material and Pw (=l g·cm-3 ) is the density of water. Due to the predominance of calcium carbonate, Ps was estimated as 2.5 g· cm-3 • Weight loss due to oxidation by H 2 0 2 was determined as an indicator of the organic content of the sediment. The results are summarized in Table 3 .
Quantitative sampling of the very top portion of a sediment column may cause problems, especially if porosity and organic content are high. Therefore, we have calculated the possible uncertainty introduced into</> from Eq. 19 ifthe solid density varied by ±0.5 g·cm-3 and the wet weight by ± 10%. The combined error in ¢, which is dominated by the uncertainty in the density, lies between 2 (high ¢)and 4% (low¢). Berelson et al. 1982 Mean escapable radium activities are calculated per total dry weight and per organic dry weight (Table 4 ). The relative variances around the mean are equal for both values, indicating that radium is not brought to the sediments by organic matter alone but also on inorganic particles, mainly calcium carbonate. The nearshore sites 1, 1 7, and 18 have significantly lower radium contents, whereas site 7 at the eastern shore looks similar to the deep sites. M. Sturm (pers. comm.) has found higher carbonate content close to site 7 (60-70%) than at site 1 (40-50%), while site 1 has a higher sand fraction (10-20%) than site 7 (<10%).
Sites 17 and 18 at the northern end of the lake are <50 m apart, the latter inside the MELIMEX control limno-corral used during an investigation of heavy metals (Gachter 1979). The high porosity and organic content reflect the protection of the sediment from erosion. The water pumped through the limno-corrals was filtered through a net (mesh size 54 µm) to remove large algae and zooplankton. The high radium activity of the uppermost sediment layer shows that the particles removed are not important for radium flux to the sediments.
Except for these sites near the shore, no systematic variation of radium can be seen. This is in accord with the relatively homogeneous sediment structure found by M. Sturm (pers. comm.) : the annual changes between anoxic and oxic conditions create regular layers (varves) throughout the lake. Except at sites in the direct influence of inlets, the sediments are dominated by autochthonous particles; their carbonate content is 50-70%. The particle size lies in the silt region (8-15 µm) .
Although the organic content decreases from the sediment surface to the layers below 3 cm, mean radium content per organic weight does not significantly increase from the top to the deeper layers. This is because the radium content per total dry weight is decreasing with depth. There are at least two explanations for this phenomenon: radium may be remobilized during organic matter degradation (Cochran 1980 ); or the escapable fraction ofradium may decrease during the early diagenetic processes in the sediment. Our measurements do not allow us to distinguish between the two hypotheses.
Radon flux to the lake-For constant porosity </> and radium activity [Ra] , the flux of 222 Rn to the overlying water column is given by (Imboden and Emerson 1977) from Eq. 20 are listed in Table 5 as uncorrected fluxes.
The sediment layer from which radon can reach the open water by diffusion is scaled by (Dl'A.) 'h ~ 2 cm. Therefore, variation of </>and [Ra] in the top few centimeters of the sediment is not compatible with the assumptions made to derive Eq. 20. In fact, there are two antagonistic influences on the size of F: decreasing radium content suppresses the sedimentary radon flux potential; decreasing porosity enhances the flux (since the radium content per volume becomes larger). Which influence is stronger? Table 6 presents an extended radon diffusion model which includes a simple exponential variability of [Ra] and¢:
z is the depth in the sediment column, ¢ 0 and [Ra] 0 refer to the sediment surface. Of course, the exponential expressions are only valid for the very top portion ( < 10 cm) of the sediments from which radon emanates.
The depth variations of porosity and radium activity are used to determine the specific parameters tf; and 11 and the corrected radon flux from Eq. 28. As shown in Table  5 , the correction to the flux is dominated by the decrease of porosity with depth, resulting in corrected radon fluxes which, on average, are 60% larger than the uncorrected values. Corrected fluxes lay between 300 and 450 dpm·m-2 ·d-1 ; only site 7, close to the eastern shore, has a larger corrected flux (530 dpm·m-2 ·d-1 ), which originates from the high specific decrease of porosity with depth and not from an abnormal radium activity. Thus, for the subsequent model calculation we use a spatially constant radon flux of 3 90 dpm·m-2 ·d-1 • Berelson et al. (1982) used a linear model for the escapable radon activity per bulk sediment volume, [Ra](l -¢)p 5 , to calculate radon flux from the sediments of San Nicolas and Santa Barbara Basins. Their approach presumes a particular covariance of porosity ¢ and radium activity [Ra] which we did not find in the data from Baldeggersee. The exponential model is more adequate for our case since depth variation is significantly more pronounced in the top layer than below 5 cm. The model of Berelson et al. would yield a radon flux of 280 ± 50 dpm·m-2 ·d-1 , a number in between our corrected and uncorrected value. Table 6 . Radon diffusion from sediments with depth-variable porosity and radium activity.
Diffusional transport of
222 Rn in the sediment porewater:
production of radon per unit porewater volume by decay of 226 Ra (23) [Rn] radon activity in porewater (dpm·cm-3 ).
Steady state of Eq. 22 with </>(z) and [Ra]z from Eq. 17:
Solution of Eq. 24 with [Rn] 0 ~ 0: a Table 5 ) (27) 
Radon flux across the sediment-water interface
With Eq. 25 and the approximation a ~ (DIA.)'li:
which for Y,,, 11 = 0 is identical with Eq. 20.
Horizontal and vertical turbulent diffusion in Baldeggersee calculated from the distribution of excess radon
Between June and October 1977, several near-bottom vertical radon profiles were taken in Baldeggersec at station 102 (see Fig. 7 ). The 20-liter water samples were analyzed for radon and radium by the analytical method of Broecker (1965) . The blank value is about 50 dpm·m-3 • Excess radon activities are plotted vs. depth in Fig. 8 . Two features emerge from these data: classic exponential profiles (Eq. 2) are rare; and the slope of the profiles and the midlake standing crop of excess radon are both decreasing from June to July and the later months. Radon in Greifensee shows a similar behavior (Imboden and Emerson 1978) . The previous theoretical considerations have demonstrated that if horizontal mixing is slow, i.e. if radon is not homogeneously distributed within a horizontal water layer, the measured standing crop of excess radon at the center of the lake decreases with decreasing horizontal mixing and is. always smaller than calculated from the 1-DV model. Therefore, the decreasing standing crop of radon measured in Greifensee and Baldeggersee indicates diminishing horizontal mixing during summer, i.e. during the strengthening of the thermocline.
The frequent occurrence of local radon minima (e.g. on 19 September at 62.8 m) provides strong evidence for horizontal ad- vective transport by currents, which were indeed measured at the bottom of Baldeggersee (Imboden et al. 1983 ). Since the long term effect of currents of different direction is equivalent to diffusional transport, we may still try to explain the general structure of the profiles by the simultaneous action of vertical and horizontal eddy diffusion.
The shapes of the semiquantitative model profiles used to interpret the radon measurements are constructed from a combination of the 1-DTV and 1-DTH models. On the one hand, at some distance from the lake bottom the radon activity is determined by horizontal diffusion Kx alone and can thus be represented by curves as shown in Fig. 6 . On the other hand, close to the bottom the distribution of excess radon is determined solely by vertical diffusion Kv i.e. by curves of the type shown in Fig. 3 . The depth at which the transition from one influence to the other takes place depends on the lake topography and the relative size of Kx and Kz. In Baldeggersee it lies only a few meters above the bottom.
The curves in Fig. 8 are constructed with a constant radon flux F 390 dpm ·m- Since the curves only serve to demonstrate the order of magnitudes of both Kx and Kz values, the detailed shape of the transition between the 1-DTH and 1-DTV model is not relevant. Also, the drawn boundary of the stippled area should not be confounded with a real profile which could emerge from any Kx, Kz pair; for instance, a "real profile"
could lead from the curve Kx = 1,000 to the boundary value Kz = 3 m 2 ·d-
•
In order to demonstrate the influence of the finite horizontal mixing velocity on the shape of the vertical radon profile, we have included in Fig. 8 (left) a profile calculated from the 1-DTV model which seems to fit the measured profile from 21 June. Note that the adequate radon flux is only half the value that was independently determined from sediment analysis.
Comparison between measured and calculated profiles (Fig. 8) Fig. 7 ) at brief intervals during 1 week of June 1978. The aim was to measure horizontal gradients which would indicate incomplete horizontal mixing and to search for transient structure in the radon profiles indicatinghorizontaladvectivemixing (Nyffeler et al. 1983) . The profiles are shown in Fig. 9 . The water at station 3 is 43.8 m deep, all other depths are between 62 and 65.8 m. For simplicity, only the data from station 3 are specially marked. A detailed discussion of the temporal and spatial variation of radon activity in the deepest part of the lake lies beyond our aim here. However, we emphasize the strong horizontal inhomogeneity between station 3 and the other stations. This is in good agreement with Kx values between 10 3 and 10 4 m 2 ·d-1 , a range found for the June profiles of the previous year.
During summer stagnation, radon profiles in Baldeggersee below 50 m yield vertical eddy diffusivities between 1 and 10 m (Sarmiento et al. 1978) . Quay et al. (1980) have calculated buoyancy fluxes of the order of 10-12 m 2 • s-3 from tritium injections into two small lakes of the Experimental Lakes Area (ELA) in Canada. In comparison, in Baldeggersee vertical density gradients in the hypolimnion during summer are of the order of 10-9 g·cm-4 and often dominated by dissolved chemical compounds, not by temperature (Joller .1984 
Conclusions
Mass fluxes across the sediment-water interface can be assessed by measuring the sources and fluxes in the sediments or by analyzing tracer distributions in the water column. The first method is confronted with the limits to vertical resolution. The top few centimeters of the sediments are zones where physical and chemical parameters vary considerably. Sometimes, vertical concentration gradients are compressed into a thin zone at the very sediment surface. Under such conditions it is not possible to use Fick's law because the concentration gradients effective for diffusional transport cannot be determined (Imboden and Gachter 1979) .
In the second approach, difficulties originate from the three-dimensional topogra-phy of lake basins and estuaries due to the competition between vertical and lateral diffusion. We have shown that at low vertical diffusivities the slope of radioactive or conservative tracer distributions are increasingly determined by the topography. For radon, which has a short half-life, we are confronted with a situation intermediate between one-dimensional diffusion without lateral transport and complete horizontal mixing. Thus, for the complete interpretation of a measured vertical radon profile in terms of turbulent mixing one must identify the three parameters Kv Kx, and FRn· We have shown that unique solutions exist only if the radon flux can be determined by a direct method (e.g. by analyzing the sediments for escapable radon). Furthermore, simultaneous measurement ofradon in sev-: eral vertical profiles serves to confirm the extent of horizontal diffusivity, which is often difficult to estimate from a single profile.
Most chemical tracers linked to phytoplankton growth have overall reaction rates slow enough to guarantee horizontal homogeneity. Transport of these species is mainly determined by vertical diffusivity Kz. Though for these parameters the exact size of Kx may not be important, it is still necessary to analyze the radon measurements in terms of a pair of diffusion coefficients (Kv Kx) in order to separate the influence from Kz and from bottom topography and to determine Kz values. We plan to use these results to discuss the exchange of nutrients on mineralization products at the sediment-water interface of an anaerobic lake.
